INTRODUCTION
Malaria in the Greater Mekong Subregion (GMS), which includes Cambodia, Lao People's Democratic Republic (Lao PDR), Myanmar, Thailand, Viet Nam, and the People's Republic of China (Yunnan Province and the Guangxi Zhuang Autonomous Region), poses a serious public health threat. Populations at most risk reside/work along international borders and in forested areas, e.g., local migrants, refugees, and forest workers (Corbel et al. 2013) . Approximately 700 million people that are at risk, work/reside in the GMS, with 447,827 confirmed malaria cases and 342 deaths reported in 2013-most in Myanmar (WHO-WPRO 2015) . The World Health Organization Strategy for Malaria Elimination program in the GMS (2015) (2016) (2017) (2018) (2019) (2020) (2021) (2022) (2023) (2024) (2025) (2026) (2027) (2028) (2029) (2030) has set a goal for malaria elimination in all GMS countries by 2030 and Plasmodium falciparum (Welch) malaria by 2025 (WHO-WPRO 2015) .
Thailand aims to eliminate malaria by 2024 (Ministry of Public Health 2016). Current malaria control measures used in the prevention of malaria transmission include insecticide-impregnated bed nets and indoor residual spraying. In Thailand, the proportion of P. falciparum and P. vivax (Grassi and Feletti) is approximately 40% and 60%, respectively (WHO 2015) . Despite successful control programs and reductions in morbidity and mortality over the past decades, malaria continues to remain a serious health threat, especially along underdeveloped border areas (Suwonkerd et al. 2013) .
Tak Province, located at the Thailand-Myanmar border, is usually responsible for the highest number of annual malaria cases (Parker et al. 2015 , Sonkong et al. 2015 . Ubon Ratchathani Province, in northeastern Thailand, has never been in the top 10 provinces for malaria incidence. While the annual number of malaria cases in Ubon Ratchathani between 2003 and 2013 were similar, averaging 645 cases/year (Lyttleton 2016) , a malaria outbreak occurred in 2014 ( Fig. 1) (Lyttleton 2016) , increasing from 1,130 in 2013 to 7,708 cases in 2014. This was a 7-fold increase and accounted for 26% of the total number of reported malaria cases in Thailand (Department of Disease Control 2017). The preponderance of malaria cases were reported from 6 districts: Buntharik, Nachaluay, Nam Yuen, Si Mueang Mai, Sirindhorn, and Det Udom (Department of Disease Control 2017). To identify the causes of resurgence of malaria cases in the GMS, a longitudinal survey was conducted from September 2013 to September 2015 in villages and other settings along the Thailand-Lao border. Results on entomological abundance and biting behavior of malaria vectors were previously published (Marasri et al. 2017) . The objective of this paper was to determine Plasmodium infection rates in selected Anopheles spp. before, during, and after the malaria outbreak to provide information for the development and implementation of malaria control efforts.
MATERIALS AND METHODS

Mosquito collection
Collection sites were selected based on 1) their proximity to the Thailand-Lao border and 2) provincial malaria incidence records. Five entomological surveys were conducted during the wet and dry seasons in September 2013 , March 2014 , September 2014 , March 2015 , and September 2015 (Table 1) . Human-landing catches (HLC) and cow bait collections (CBC) were used for collecting mosquitoes (Silver 2008) as described by Marasri et al. (2017) . Indoor and outdoor HLC (1 person indoors and 1 outdoors) were conducted at 4 houses per village from 6:00 p.m. to 6:00 a.m. the following morning. The HLC collectors were instructed to collect mosquitoes for 45 min followed by a 15-min break each hour. For the CBC, mosquitoes were collected for 15 min every hour by a collector using a mouth aspirator. The 4 houses used for HLC were located minimum 30 m from each other to avoid potential distance bias in attracting mosquitoes. At Phuhai Temple, only CBC was conducted. The mosquito collections, indoor and outdoor HLC and CBC, were conducted for 4 consecutive nights per village per survey. The same number of collectors were used in all sites (inside/outside), and they were rotated between sites to take into account potential differences in collector attractiveness. The mosquitoes were collected manually with a glass tube or mouth aspirator, placed in plastic cups covered with netting, and labeled with the hour of collection and 
house number. Mosquitoes were stored alive in cool boxes until identified. Mosquitoes were killed by freezing and subsequently desiccated on silica gel for transportation.
Study areas
Mosquito collections were conducted at villages and forest areas in 8 locations ( Fig. 2 . Mosquito collections were conducted at village houses. The village is located along the Mekong River south of Pakla Village and surrounded by the same national park and conservation areas and has similar land use and cover as described for Pakla Village, above. 3 ) P a y a k a V i l l a g e , S i r i n d h o r n D i s t r i c t (14858 0 49.8173 00 N, 105831 0 4.7525 00 E). Mosquito collections were conducted at village houses, which were surrounded by seasonal evergreen forests, rubber (Herea brasiliensis Muell. Arg.) plantations, and vegetable fields. 4 ) Nongmek Village, Buntharik Dis trict (14835 0 37.1141 00 N, 105822 0 33.5021 00 E). Mosquito collections were conducted at village houses, which were surrounded by rubber plantations, and cassava (Manihot esculenta Crantz) and rice fields. A stream runs near the collection site and is the primary water source for villagers. 5 ) S a ngho m V il l age , B u nth ar ik Di s t ri ct (14833 0 42.3929 00 N, 105821 0 49.4977 00 E). Mosquito collections were conducted in inhabited houses in a rubber plantation just outside the village. The area is surrounded by cassava fields and other field crops nearby and is near to Phu Chong-Na Yoi National Park. Natural running streams run through the site. 6 ) N ac hal auy Di s tr ic t ( 14832 0 57.212 9 00 N, 105816 0 44.3489 00 E). Mosquito collections were done in inhabited houses in a rubber plantation. Oil palm (Elaeis guineensis Jacq.) plantations and a small dam are located nearby. The area is close to Phu Chong-Na Yoi National Park. 7) Chong Tha Ou Thai border control checkpoint, B u n t h a r i k D i s t r i c t ( 1 4 84 2 0 2 6 . 1 9 6 5 00 N , 105830 0 36.2477 00 E). This site is situated in a humid and dense forest area close to a small river on National Road No. 2182 from Buntharik to Soukhouma, Lao PDR, about 4 km from the Thai-Lao border. Collection sites consisted of crude houses, some made from sandbags, inhabited by border police guards. 8 ) P h u h a i T e m p l e , N o n g s a n g V i l l a g e (14842 0 29.3753 00 N, 105828 0 50.8829 00 E). The temple is located 2.7 km from Phon Ngam Village, Buntharik District, and surrounded by evergreen trees. Only CBC were conducted.
The primary occupations of village residents consisted of rice farming, rubber tree cultivation, nonwood forest product collection, and other forestrelated work.
Mosquito identification and Plasmodium detection
All Anopheles mosquitoes were morphologically identified in the field to species group, complex, or species under stereomicroscopes using morphological keys (Rattanarithikul et al. 2006) . Mosquitoes were stored in a À208C portable freezer and transported to the Department of Entomology, Faculty of Agriculture, Kasetsart University, for DNA extraction and molecular identification. Allele-specific polymerase chain reaction (PCR) identification of sibling species was performed for members of the Dirus complex, Maculatus group, and Minimus complex using the ITS-2 gene fragment and protocol by Kwansomboon et al. (2017) . All primary, secondary, and suspected vectors were screened for the presence of Plasmodium spp. in salivary glands. The head and thorax of all Anopheles were individually dissected and used for DNA extraction in order to detect the sporozoite stage of Plasmodium. Plasmodium infections were conducted using real-time PCR (Bio-Rad CFX96 Touche RealTime PCR Detection System; Bio-Rad Laboratories Ltd., Hercules, CA) as described by Chaumeau et al. (2016) . This optimized assay has a PCR efficiency of .90%. The sequences of the primers were synthesized and supplied by BioDesign (Bangkok, Thailand) and were as follows: forward PL1473F18 (5 0 -TAA CGA AGA ACG TCT TAA-3 0 ) and reverse PL1679R18 (5 0 -GTT CCT CTA AGA AGC TTT-3 0 ) (Mangold et al. 2005) . The reactions were performed using 9 ll of EVAGreent qPCR Mix Plust (Euromedex, Souffelweyercheim, France) and 1 ll of DNA template for a total reaction volume of 10 ll. The thermocycling procedure started with an initial denaturation at 958C for 15 min followed by 45 amplification cycles at 958C for 15 sec, appropriate annealing temperature for 15 sec and 728C for 20 sec. Characterization of the PCR product was performed with melt curve analysis of the amplicons (958C for 15 sec, 688C for 1 min, 808C for 15 sec, 608C for 15 sec, then 608C to 908C with an increment of 0.28C per second. Each sample was usually tested in triplicate. Suspected positive samples were confirmed by a 2nd method described by Cunha et al. (2009) that targeted the cytochrome c oxidase mitochondrial DNA using primers specific to P. falciparum and P. vivax. In case of discordant results, ITS-2 gene fragments were sequenced to confirm the presence of Plasmodium species (Macrogen Korea, Seoul, Republic of Korea).
RESULTS
A total of 10,369 adult Anopheles mosquitoes, belonging to 18 species and 2 subgenera, were collected (Table 2) . A total of 15 species belonged to the subgenus Cellia (n ¼ 2,012 specimens) and 3 species belonged to the subgenus Anopheles (n ¼ 8,357). The most abundant taxa belonged to members of the Hyrcanus Group (Reid, 1953) (71.8%, n ¼ 7442), followed by An. barbirostris s.l. (Reid, 1962) (7.9%, n ¼ 819), An. nivipes Theobald (6.5%, n ¼ 676), and An. philippinensis Ludlow (5.9%, n ¼ 612).
Overall, 2,240 specimens of primary, secondary, and suspected malaria vectors were assayed for the presence of Plasmodium species. Low numbers of primary vectors were collected, including 18 An. minimus Theobald/Peyton and Harrison and 78 An. dirus Theobald/Peyton and Harrison based on molecular identification. Secondary vectors were An. aconitus Doenitz (n ¼ 7) and An. sawadwongporni Rattanarithikul and Green (n ¼ 4), and other suspected vectors, An. annularis van der Wulp (n ¼ 41), An. philippinensis (n ¼ 590), An. nivipes (n ¼ 617), and An. barbirostris s.l. (n ¼ 743). Anopheles rampae Harbach and Somboon (n ¼ 142), belonging to the Maculatus Group, is generally considered a nonvector of Plasmodium, but was also tested. Ten samples from different species (3 An. dirus, 1 An. rampae, 3 An. barbirostris s.l., 2 An. philippinensis, and 1 An. nivipes) were suspected to be positive for Plasmodium species during the 1st PCR assay. However, no Plasmodium-positive specimens were observed using the 2nd PCR method (Cunha et al. 2009) , and none were confirmed positive for Plasmodium by sequencing. 
DISCUSSION
Malaria in the northeastern Thai border province of Ubon Ratchathani was thought to be well controlled, with cases generally averaging fewer than 700 per year over the past decade. In 2014, reported cases increased 7-fold and Ubon Ratchathani recorded the highest provincial caseload, accounting for approximately 26% of 29,171 reported cases nationwide (Lyttleton 2016 , Thailand Malaria Elimination Program 2017 . Five entomology surveys were conducted in 4 districts of Ubon Ratchathani that reported high numbers of malaria cases to address the role of selected Anopheles species in malaria transmission.
However, no Plasmodium-positive mosquitoes were observed at the 8 sentinel sites. These results are most likely due to 1) the low abundance of primary malaria vectors collected (hence biasing the estimate of vector infectivity), 2) the absence of malaria transmission within villages at the time of collection, and/or 3) a lack of sensitivity and specificity of the PCR methods used for Plasmodium detection. The latter explanation is unlikely considering that the qPCR assay was able to detect levels of 3.6 and 6 sporozoites per mosquito for P. vivax and P. falciparum, respectively (Chaumeau et al. 2016) . The absence of sporozoite-positive vectors is likely due, in part, to the low numbers of primary malaria vectors collected and tested. In Thailand, the density of vectors is highly heterogeneous and varies greatly according to season and collection site (Tainchum et al. 2015 , Kwansomboon et al. 2017 , Sriwichai et al. 2017 . Moreover, the transmission intensity is typically very low (entomological inoculation rates typically ,1/year) and the probability of finding sporozoite-infected mosquitoes within a narrow time window is very low (Gingrich et al. 1990 , Imwong et al. 2011 . Transmission may be more intense in forested hills and forest-fringe areas where An. dirus and An. minimus are more abundant compared to villages (Suwonkerd et al. 2002 (Suwonkerd et al. , 2004 Chareonviriyaphap et al. 2003; Obsomer et al. 2007; Corbel et al. 2013; Tainchum et al. 2014) . Mosquito collections were conducted by different teams of local collectors at each of the sites, which may affect the comparability of number of collected mosquitoes due to individual collection skills and variation in natural human attractiveness to mosquitoes. In border areas, changing land-use practices and/or increased forest access as natural resources become part of commodity chains create suitable conditions for malaria transmission. An association between illegal rosewood (Dalbergia cochinchinensis Pierre ex Lannes) smuggling and higher number of reported malaria cases was observed in districts with forested areas and national parks in Ubon Ratchathani (Lyttleton 2016) . Evidence suggests that malaria is primarily a forest-dependent disease, but may be influenced by mobile and migrant populations who are involved in forest-related activities for economic reasons (Jitthai 2013 ). In particular, infrastructure and rural development, deforestation for logging and economic farming, political movements, and natural disasters are some of the key factors that push and pull people in and out of malaria-endemic areas. Therefore, understanding the changing socio-environmental situation and population movements, and their associated risks for malaria infection, is critical for malaria control, containment, and elimination.
In low-transmission settings, there is a need for precise epidemiological tools that can rapidly identify sources of malaria transmission in order to develop effective malaria control programs. New serological biomarkers that measure the intensity of human exposure to mosquito salivary antigens have recently been identified (Doucoure and Drame 2015) and have been demonstrated to be promising to quantify human-vector exposure and identify malaria transmission hotspots along the Thailand-Myanmar border (Ya-umphan et al. 2017 ). This tool presents several advantages compared to entomology tools as it may reduce time and effort and may provide information on where and when the transmission risks are greatest. This information could be useful to provide populations at risk with more effective personal protection measures.
